Spurred by the recent complete determination of the weak currents in two-nucleon systems up to O(Q 3 ) in heavy-baryon chiral perturbation theory, we carry out a parameter-free calculation of the threshold S factors for the solar pp ͑proton-fusion͒ and hep processes in an effective field theory ͑EFT͒ that combines the merits of the standard nuclear physics method and systematic chiral expansion. The power of the EFT adopted here is that one can correlate in a unified formalism the weak-current matrix elements of two-, three-, and four-nucleon systems. Using the tritium ␤-decay rate as an input to fix the only unknown parameter in the theory, we can evaluate the threshold S factors with drastically improved precision; the results are S pp (0)ϭ3.94ϫ(1 Ϯ0.004)ϫ10
I. INTRODUCTION
The standard approach to nuclear physics ͓1͔ anchored on wave functions obtained from the Schrödinger ͑or LippmanSchwinger͒ equation with ''realistic'' phenomenological potentials has scored impressive quantitative successes in describing systems with two or more nucleons, achieving in some cases accuracy that defies the existing experimental precision. We refer to this approach as SNPA ͑standard nuclear physics approach͒. The advent of quantum chromodynamics ͑QCD͒ as the theory of strong interactions raises a logical question: What is the status of SNPA in the context of the fundamental theory QCD? Put more bluntly, is SNPA ͑despite its undeniable success͒ just a model-dependent approach unrelated to the fundamental theory? In our view this is one of the most important issues in nuclear physics today. In this paper we investigate a possible way to identify SNPA as a legitimate component in the general edifice of QCD. We describe an attempt to find a scheme which includes SNPA as an approximation, and which allows us to control and evaluate correction terms. Such a systematic treatment equipped with error estimation, which is not feasible with SNPA alone, can be profitably studied with the effective field theory ͑EFT͒ of QCD. We study here a formalism which exploits simultaneously the merit of EFT in classifying interaction vertices unambiguously, and the high accuracy of nuclear wave functions available in SNPA. We demonstrate that this formalism enables us to make parameter-free predictions with accompanying error estimates for electroweak transitions in light nuclei. For a variant approach towards the EFT description of nuclear matter and heavy nuclei, we refer to Refs. ͓2-5͔.
To be concrete, we shall consider the following two solar nuclear fusion processes pp: pϩp→dϩe ϩ ϩ e , ͑1͒
hep: pϩ 3 He→ 4 Heϩe ϩ ϩ e . ͑2͒
We stress that in our EFT approach these processes involving different numbers of nucleons can be treated on the same footing. A concise account of the present study was previously given in Ref. ͓6͔ for the pp process and in Ref.
͓7͔ for the hep process.
The reactions ͑1͒ and ͑2͒ figure importantly in astrophysics and particle physics; they have much bearing upon issues of great current interest such as, for example, the solar neutrino problem and nonstandard physics in the neutrino sector. Since the thermal energy of the interior of the Sun is of the order of keV, and since no experimental data is available for such low-energy regimes, one must rely on theory for determining the astrophysical S factors of the solar nuclear processes. Here we concentrate on the threshold S factor S(0) for the reactions ͑1͒ and ͑2͒. The necessity of a very accurate estimate of the threshold S factor for the pp process S pp (0) comes from the fact that pp fusion essentially governs the solar burning rate and the vast majority of the solar neutrinos come from this reaction. Meanwhile, the hep process is im-portant in a different context. The hep reaction can produce the highest-energy solar neutrinos with their spectrum extending beyond the maximum energy of the 8 B neutrinos. Therefore, even though the flux of the hep neutrinos is small, there can be, at some level, a significant distortion of the higher end of the 8 B neutrino spectrum due to the hep neutrinos. This change can influence the interpretation of the results of a recent Super-Kamiokande experiment that have generated many controversies related to neutrino oscillations ͓8,9͔. To address these issues quantitatively, a reliable estimate of S hep (0) is indispensable.
The primary amplitudes for both the pp and hep processes are of the Gamow-Teller ͑GT͒ type (⌬Jϭ1, no parity change͒. Since the single-particle GT operator is well known at low energy, a major theoretical task is the accurate estimation of the meson-exchange current ͑MEC͒ contributions. The nature of a specific challenge involved here can be elucidated in terms of the chiral filter picture. If the MEC in a given transition receives an unsuppressed contribution from a one-soft-pion exchange diagram, then we can take advantage of the fact that the soft-pion-exchange MEC is uniquely dictated by chiral symmetry ͓10,11͔ and that there is a mechanism ͑called the chiral filter mechanism͒ that suppresses higher chiral-order terms ͓12,13͔. We refer to a transition amplitude to which the chiral filter mechanism is applicable ͑not applicable͒ as a chiral-protected ͑chiral-unprotected͒ case. It is known that the space component of the vector current and the time component of the axial current are chiral protected, whereas the time component of the vector current and the space component of the axial current are chiral unprotected ͑see below͒. This implies among other things that the isovector M 1 and axial-charge transitions are chiral protected ͓14,15͔, but that the GT transition is chiral unprotected. This feature renders the estimation of the GT amplitude a more subtle problem; the physics behind it is that MEC here receives significant short-ranged contributions the strength of which cannot be determined by chiral symmetry alone.
The difficulty becomes particularly pronounced for the hep process for the following reasons. First, the one-body ͑1B͒ GT matrix element for the hep process is strongly suppressed due to the symmetries of the initial and final state wave functions. Secondly, as pointed out in Refs. ͓16͔ ͑re-ferred to as ''CRSW91''͒ and ͓17͔ ͑referred to as ''SWPC92''͒, the main two-body ͑2B͒ corrections to the ''leading'' 1B GT term tend to come with the opposite sign causing a large cancellation. A recent detailed SNPA calculation by Marcucci et al. ͓18͔ , hereafter referred to as MS-VKRB, has reconfirmed this substantial cancellation between the 1B and 2B contributions. The 2B terms therefore need to be calculated with great precision, which is a highly nontrivial task. Indeed, an accurate evaluation of the hep rate has been a long-standing challenge in nuclear physics ͓19͔. The degree of this difficulty may be appreciated by noting that theoretical estimates of the hep S factor have varied by orders of magnitude in the literature.
As mentioned, for accurate estimation of the GT transition amplitude, it is imperative to have good theoretical control of short-distance physics. A first-principle approach based on EFT should provide a valuable insight in this regard. Here we build on a formalism of this kind developed in Refs. ͓13,20͔. In this formalism, ͓21͔, electroweak transition operators are systematically constructed using heavy-baryon chiral perturbation theory (HBPT), and the corresponding nuclear matrix elements are evaluated with the use of wave functions generated by a state-of-the-art SNPA calculation. This is a hybrid approach in that, formally speaking, there is a mismatch between the treatments of transition operators and wave functions. However, we implement in our formalism a feature that allows us to reduce the practical consequences of this mismatch down to sufficiently low levels. To emphasize this feature, we refer to our present approach as EFT*.
The starting point of EFT* is the observation that, to high accuracy, the leading-order 1B operators in SNPA and EFT (HBPT) are identical, and that their matrix elements can be reliably estimated with the use of realistic SNPA wave functions for the initial and final nuclear states. Next we note ͓20͔ that 2B transition operators in HBPT are uniquely given by irreducible diagrams in Weinberg's counting scheme ͓22,23͔. The long-range 2B contributions are in fact identical for both SNPA and EFT, as they are strongly constrained by chiral symmetry. It is short-range contributions that introduce model dependence in SNPA. EFT allows us to write down, for a given chiral order, the most general set of operators that govern short-distance physics as
where O i is a zero-range operator ͑which may involve a derivative operator͒ and c i is the corresponding low-energy constant ͑LEC͒; N is a finite number that depends on the chiral order under consideration. The c i 's, which should in principle be derivable from QCD, are in practice determined by fitting empirical data. Now, a nuclear matrix element in EFT* is obtained by sandwiching the EFT-controlled transition operator between the relevant SNPA wave functions. This means that, if two ͑or more͒ observables belonging to the same nucleus or to neighboring nuclei are sensitive to O short , they can be related via EFT*. If the experimental value of one of those observables is known, the other͑s͒ can be predicted. Correlating two ͑or more͒ observables in this manner is expected to significantly reduce the practical consequences of the afore-mentioned ''mismatch problem.'' The basic soundness of this approach has been proven for the n ϩ p→dϩ␥ process ͓14,24͔ and several other processes ͓25͔.
We emphasize that EFT*, which takes into account shortdistance physics consistently, should be distinguished from naive hybrid models, which lack this feature. Having described EFT* in rather general terms, we give in the next two paragraphs more specific aspects pertaining to the pp and hep processes. MEC to that of the one-body current ͑see below͒. The situation can be greatly improved by using EFT*. As first discussed in Refs. ͓6,7͔ and as will be expounded here, the crucial point is that exactly the same combination of counterterms that defines the constant d R enters into the Gamow-Teller ͑GT͒ matrix elements that feature in pp fusion, tritium ␤ decay, the hep process, capture on a deuteron, and -d scattering and that the short-range interaction involving the constant d R is expected to be ''universal,'' that is, A independent. Therefore, assuming that three-and fourbody currents can be ignored ͑which we will justify a posteriori͒, if the value of d R can be fixed using one of the above processes, we can make a totally parameter-free prediction for the GT matrix elements of the other processes. Indeed, the existence of accurate experimental data for the tritium ␤-decay rate ⌫ ␤ t and the availability of extremely well tested realistic wave functions for the Aϭ3 nuclear systems allow us to carry out this program. In the present work we determine the value of d R from ⌫ ␤ t and perform parameter-free EFT-based calculations of S pp (0) and S hep (0).
As described below, our scheme has a cutoff parameter ⌳, which defines the energy/momentum cutoff scale of EFT below which reside the chosen explicit degrees of freedom ͓28͔. Obviously, in order for our result to be physically acceptable, its cutoff dependence must be under control. In our scheme, for a given value of ⌳ in a physically reasonable range ͑to be discussed later͒, d
R is determined to reproduce
According to the premise of EFT, even if d R itself is ⌳ dependent, physical observables ͑in our case the S factors͒ should be independent of ⌳ as required by renormalization-group invariance. We shall show that our results meet this requirement to a satisfactory degree. The robustness of our calculational results against changes in ⌳ allows us to make predictions on S pp (0) and S hep (0) with much higher precision than hitherto achieved. Thus we predict S pp (0)ϭ3.94ϫ(1Ϯ0.004)ϫ10
Ϫ25 MeV b and S hep (0)ϭ(8.6Ϯ1.3)ϫ10 Ϫ20 keV b. The remainder of this article is organized as follows. In Sec. II we briefly explain our formalism; in particular, we describe the relevant transition operators derived in HBPT. The determination of d R is described in Sec. III. Section IV presents the calculation of S pp (0), while Sec. V is concerned with the estimation of S hep (0). Section VI is devoted to discussion and conclusions. We have made the explanation of the formalism in the text as brief and focused as possible, relegating most technical details to the Appendixes.
II. FORMALISM
We sketch here the basic elements of our formalism. The explicit degrees of freedom taken into account in our scheme are the nucleon and the pion, with all other degrees of freedom ͓ and mesons, ⌬(1232), etc.͔ integrated out. The HBPT Lagrangian can be written as
with the chiral order defined as
where d, e, and n are, respectively, the numbers of derivatives ͑the pion mass counted as one derivative͒, external fields and nucleon lines belonging to a vertex. Chiral symmetry requires у0. The leading-order Lagrangian is given by
where B is the nucleon field in HBPT; g A ϭ1.2670 Ϯ0.0035 is the axial-vector coupling constant ͓29͔, and f ϭ92.4 MeV is the pion decay constant. Furthermore 
͑10͒
where m N Ӎ939 MeV is the nucleon mass, and
⑀ 0123 ϭ1, and ⌬ ϭ( a /2)⌬ a . We have shown here only those terms which are directly relevant to our present study. The dimensionless LECs, ĉ 's and d 's, are defined as
We now consider the chiral counting of the electroweak currents ͑see the Appendixes for details͒. In the present scheme it is sufficient to focus on ''irreducible graphs'' in Weinberg's classification ͓22͔. Irreducible graphs are organized according the chiral index given by
where A is the number of nucleons involved in the process, C the number of disconnected parts, and L the number of loops; i is the chiral index , Eq. ͑5͒, of the ith vertex. One can show that a diagram characterized by Eq. ͑13͒ involves an n B -body transition operator, where n B ϵAϪCϩ1. The physical amplitude is expanded with respect to . As explained at length in the Appendix, the leading-order onebody GT operator belongs to ϭ0. Compared with this operator, a Feynman diagram with a chiral index is suppressed by a factor of (Q/⌳ )
, where Q is a typical three-momentum scale or the pion mass, and ⌳ ϳ 1 GeV is the chiral scale ͓33͔. In our case it is important to take into account the kinematic suppression of the time component of the nucleon four-momentum. We note ͓34͔
where p l (p l Ј ) denotes the initial ͑final͒ momentum of the lth nucleon, and k l
. Therefore, each appearance of v⅐ p l , v⅐ p l Ј , or v⅐k l carries two powers of Q instead of one, which implies that increases by two units rather than one. It is also to be noted that, if we denote by q ϭ(q 0 ,q) the momentum transferred to the leptonic pair in Eqs. ͑1͒, ͑2͒, then q 0 ϳ͉q͉ϳQ 2 /⌳ ϳO(Q 2 ) rather than O(Q) as naive counting would suggest. These features turn out to simplify our calculation considerably.
In this paper, as far as the main calculation is concerned, we shall limit ourselves to N 3 LO; for certain discussions, however, we shall consider operators belonging to N 4 LO as well.
We now describe the derivation of one-body ͑1B͒ and two-body ͑2B͒ current operators with due consideration of chiral counting. The current in momentum space is written as
When necessity arises to distinguish the space and time components of the currents, we use the notations
For the clarity of presentation, we first give a summary chart of the basic chiral counting characteristics of the relevant currents, and then provide more detailed explanations in the remainder of this section and in the Appendixes. The chiral counting of the electroweak currents is summarized in Table I , where the nonvanishing contributions at qϭ0 are indicated ͓35͔.
We now discuss the entries of this ϭ2. Two-body tree current with i ϭ0 vertices, namely, the soft-pion-exchange current. This is a leading correction to the one-body M 1 and axial-charge operators carrying an odd orbital angular momentum. 2B-1L and 3B ϭ3. Two-body tree currents with ͚ i i ϭ1, which correspond to the hard-pion current, considered in CRSW91 ͓16͔ and SWPC92 ͓17͔. These are leading corrections to the GT and V 0 operators carrying an even orbital angular momentum.
ϭ4. All the components of the electroweak current receive contributions of this order. They consist of two-body one-loop corrections as well as leading-order ͑tree͒ threebody corrections. Among the three-body currents, however, there are no six-fermion contact terms proportional to (N N) 3 , because there is no derivative at the vertex and hence no external field.
It is noteworthy that the counting rule for V is the same as for A 0 , and the counting rules for V 0 and A are the same. The behavior of V and A 0 summarized in Table I represents the chiral filter mechanism ͓12͔, and V and A 0 are referred to as chiral-filter-protected currents. By contrast, V 0 and A belong to chiral-filter-unprotected currents.
We now discuss the explicit expressions for the relevant currents. For the 1B currents, for both the vector and axial cases, one can simply carry over the expressions obtained in MSVKRB. Up to N 3 LO, the 1B currents in coordinate representation are given as
where V Ӎ4.70 is the isovector anomalous magnetic moment of the nucleon and p l ϭϪiٌ l and p l ϭϪ(i/2)(ٌ ជ l Ϫٌ ឈ l ) act on the wave functions. Equation ͑17͒ gives the isospinlowering currents
. We next discuss the 2B currents. The expressions for the V 2B and A 2B 0 operators can be found in Refs. ͓20,36͔. The V 2B 0 operator does not appear up to the order under consideration. The derivation of the 2B axial current A 2B in HBPT is described in Appendix A. In momentum space, A 2B reads 
is relevant in the present context ͓38͔.
It should be noted that the two-body currents given in Eq. ͑19͒ are valid only up to a certain cutoff ⌳. This implies that, when we go to coordinate space, the currents must be regulated. This is a key point in our approach. Specifically, in performing Fourier transformation to derive the r-space representation of a transition operator, we use the Gaussian regularization ͑see Appendix C͒. This is, to good accuracy, equivalent to replacing the delta and Yukawa functions with the corresponding regulated functions
where the cutoff function S ⌳ (k 2 ) is defined as
͑22͒
The resulting r-space expressions of the currents in the center-of-mass ͑c.m.͒ frame that are of N 3 LO are
where
y , and ᭪ ϵ( 1 ᭪ 2 ). We emphasize again that A 12 in Eq. ͑23͒ contains only one unknown LEC d R that needs to be fixed using an empirical input. As mentioned in Sec. I, we choose here to determine d R using the experimental value of ⌫ ␤ t .
III. DETERMINATION OF d R
The cutoff parameter ⌳ characterizes the energymomentum scale of our EFT. A reasonable range of ⌳ may be inferred as follows. According to the general tenet of PT, ⌳ larger than ⌳ Ӎ4 f Ӎm N has no physical meaning. Meanwhile, since the pion is an explicit degree of freedom in our scheme, ⌳ should be much larger than the pion mass to ascertain that genuine low-energy contributions are properly included. These considerations lead us to adopt ⌳ ϭ500-800 MeV as a natural range.
In the present work we use as representative values ⌳ ϭ500, 600, and 800 MeV, and for each of these values of ⌳ we adjust d R to reproduce the experimental value of ⌫ ␤ t .
With the use of the value of d R so determined, we evaluate the pp and the hep amplitudes ͓39͔.
To determine d R from ⌫ ␤ t , we calculate ⌫ ␤ t from the matrix elements of the current operators evaluated for accurate Aϭ3 nuclear wave functions. We employ here the wave functions obtained in Refs. ͓18,40͔ using the correlatedhyperspherical-harmonics ͑CHH͒ method ͓41,42͔. It is obviously important to maintain consistency between the treatments of the Aϭ2, 3, and 4 systems. We shall use here the same Argonne v 18 ͑AV18͒ potential ͓43͔ for all these nuclei. For the Aу3 systems we add the Urbana-IX ͑AV18/UIX͒ three-nucleon potential ͓44͔. Furthermore, we apply the same regularization method to all the systems in order to control short-range physics in a consistent manner. where the errors correspond to the experimental uncertainty in ⌫ ␤ t . Once d R has been determined, we are in a position to make a parameter-free calculation of the transition amplitudes for pp and hep, which will be described in the next two sections.
IV. THE pp PROCESS
It is convenient to decompose the matrix element of the GT operator into one-body and two-body parts
We discuss them separately. In PKMR98, an extensive analysis was made of the leading-order ͑LO͒ one-body matrix element M 1B CϩN , with a focus on the connection between EFT and the effective range expansion. The results obtained with the AV18 potential ͓43͔ were
where the errors are due to uncertainties in the scattering length and effective ranges. The ''full'' one-body contribution in PKMR98 includes the vacuum-polarization ͑VP͒ and two-photon-exchange ͑C2͒ contributions. In PKMR98, however, the one-body current due to the 1/m N 2 term in Eq. ͑A3͒ was ignored. Although this term is required for formal consistency, its numerical value turns out to be quite small, M 1B 1/m N 2 ϭϪ0.006 fm. In terms of the ⌳ pp defined in Refs. ͓45,46͔ we have
for the central value, where a C is the pp 1 S 0 scattering length, and ␥ and A S are the wave number and S-wave normalization constant pertinent to the deuteron, respectively. This should be compared with 6.93 obtained in Ref. ͓26͔ .
The properly regularized two-body GT matrix elements for the pp process read
where u d (r) and w d (r) are the S-and D-wave components of the deuteron wave function, and u pp (r) is the 1 S 0 pp scattering wave ͑at zero relative energy͒. The results are given for the three representative values of ⌳ in Table II; for convenience, the values of d R given in Eq. ͑24͒ are also listed. The table indicates that, although the value of d R is sensitive to ⌳, M 2B is amazingly stable against the variation of ⌳ within the stated range. In view of this high stability, we believe that we are on the conservative side in adopting the estimate M 2B ϭ(0.039-0.044) fm. Since the leading single-particle term is independent of ⌳, the total amplitude MϭM 1B ϩM 2B is ⌳ independent to the same degree as M 2B . The ⌳ independence of the physical quantity M, which is in conformity with the tenet of EFT, is a crucial feature of the result in our present study. The relative strength of the two-body contribution as compared with the one-body contribution is
We remark that the central value of ␦ 2B here is considerably smaller than the corresponding value ␦ 2B ϭ4% in PKMR98.
Furthermore, the uncertainty of Ϯ0.05% in Eq. ͑29͒ is drastically smaller than the corresponding figure Ϯ4% in PKMR98.
We now turn to the threshold S factor S pp (0). Adopting the value G V ϭ(1.14939Ϯ0.00065)ϫ10
Ϫ5 GeV Ϫ2 ͓47͔, we obtain
in units of 10 Ϫ25 MeV b. Here the first error is due to uncertainties in the input parameters in the one-body part, while the second error represents the uncertainties in the two-body part; (Ϸ0.001) denotes possible uncertainties due to higher chiral order contributions ͑see below͒. To make a formally rigorous assessment of , we must evaluate loop corrections and higher-order counter terms. Although an N 4 LO calculation would not involve any new unknown parameters, it is a nontrivial task. Furthermore, loop corrections necessitate a more elaborate regularization scheme since the naive cutoff regularization used here violates chiral symmetry at loop orders. ͑This difficulty, however, is not insurmountable.͒ These formal problems set aside, it seems reasonable to assess as follows. We first recall that both tritium ␤ decay and solar pp fusion are dominated by the one-body GT matrix elements, the evaluation of which is extremely well controlled from the SNPA as well as EFT points of view. Therefore, the precision of our calculation is governed by the reliability of estimation of small corrections to the dominant one-body GT contribution. Now, we have seen that the results of the present N 3 LO calculation nicely fit into the picture expected from the general premise of EFT: ͑i͒ the N 3 LO contributions are indeed much smaller than the leading order term. ͑ii͒ The physical transition amplitude M does not depend on the cutoff parameter. Although these features do not constitute a formal proof of the convergence of the chiral expansion used here, it is extremely unlikely that higher order contributions be so large as to completely upset the physically reasonable behavior observed in the N 3 LO calculation. It should therefore be safe to assign to an uncertainty comparable to the error estimate for the two-body part in Eq. ͑30͒; viz., Ϸ0.1 %. In this connection we remark that an axial threebody MEC contribution to the 3 H GT matrix element was calculated explicitly in SNPA ͓18͔ and found to be negligible relative to the leading two-body mechanisms. This feature is consistent with the above argument since, in the context of EFT, the three-body MEC represents a higher-order effect subsumed in '''' in Eq. ͑30͒.
Apart from the noticeable numerical differences between the present work and PKMR98, it is worth noting that shortrange physics is much better controlled in EFT*. In the conventional treatment of MEC, one derives the coordinate space representation of a MEC operator by applying ordinary Fourier transformation ͑with no restriction on the range of the momentum variable͒ to the amplitude obtained in momentum space; this corresponds to setting ⌳ϭϱ in Eq. ͑22͒. In PKMR98, where this familiar method is adopted, the d R term appears in the zero-range form d R ␦(r). PKMR98 chose to introduce short-range repulsive correlation with hard-core radius r C and eliminate the d R ␦(r) term by hand. The remaining finite-range terms were evaluated as functions of r C . M 2B calculated this way exhibited substantial r C dependence, indicating that short-range physics was not well con- trolled. Inclusion of the d R term, with its strength renormalized as described here, properly takes into account the shortrange physics inherited from the integrated out degrees of freedom above the cutoff, thereby drastically reducing the undesirable ͑or unphysical͒ sensitivity to short-distance physics.
V. THE hep PROCESS
In the notation of MSVKRB, the GT amplitude for the hep process is given in terms of the reduced matrix elements L 1 (q;A) and Ē 1 (q;A). Since these matrix elements are related to each other as Ē 1 (q;A)Ӎͱ2 L 1 (q;A), with the exact equality holding at qϭ0, we consider here only one of them L 1 (q;A). For the three exemplary values of ⌳, Table III gives the corresponding values of L 1 (q;A) at qϵ͉q͉ϭ19.2 MeV and zero c.m. energy; for convenience, the values of d R in Eq. ͑24͒ are also listed. We see from the table that the variation of the two-body GT amplitude ͑row labeled ''2B total''͒ is ϳ10 % for the range of ⌳ under study. It is also noteworthy that the variation of the 2B amplitude as a function of ⌳ is reduced by a factor of ϳ7 by introducing the d R term contributions; compare the fifth and seventh rows ͓la-beled ''2B ͑without d R )'' and ''2B total,'' respectively͔ in Table III . Although the ⌳ dependence in the total GT amplitude (L 1 in the third row͒ is more pronounced due to the drastic cancellation between the 1B and 2B terms, this amplified ⌳ dependence still lies within acceptable levels for the purpose of analyzing the Super-Kamiokande data ͓48͔. Table IV shows the contribution to the S factor, at zero c.m. energy, from each initial channel. For comparison we also give the results of MSVKRB for the AV18/UIX interaction. It is noteworthy that for all the channels other than 3 S 1 , the ⌳ dependence is very small (Շ2%͒. The 3 S 1 channel is the most sensitive to short-distance physics because the extraordinary suppression of the one-body GT contribution makes more pronounced the chiral-non-protected nature of the GT transition. In fact, the sensitivity of the 3 S 1 channel to short-distance physics would be larger if the contribution of the A 0 term, which is rather sizable here despite its generic 1/m suppression, were omitted. It is therefore reassuring that the chiral-filter mechanism allows reliable estimation of the A 0 term in this channel as well ͑in addition to the P-wave channels͒, see Ref.
͓18͔.
Summarizing the results given in Table IV , we arrive at a prediction for the hep S factor ͓49͔:
where the ''error'' spans the range of the ⌳ dependence for ⌳ϭ500-800 To reduce the uncertainty in Eq. ͑31͒, we need to reduce the ⌳ dependence in the two-body GT term. According to a general tenet of EFT, the cutoff dependence should diminish as higher order terms get included. In fact, the somewhat rapid variation seen in d R ͑Table III͒ and in the 3 S 1 contribution to S hep (0) ͑Table IV͒ as ⌳ approaches 800 MeV may be an indication that there is need for the explicit presence of the vector mesons ( and ) with mass m V Շ⌳. This possible insufficiency could be remedied to a certain extent by going to higher orders. A preliminary study ͓52͔ indicates that it is indeed possible to reduce the ⌳ dependence significantly by including N 4 LO corrections. We expect that the higher order correction would make the result for ⌳ϭ800 MeV closer to those for ⌳ϭ500,600 MeV, bringing the EFT* results closer to what was obtained in MSVKRB. This possibility is taken into account in the error estimate given in Eq. ͑31͒.
VI. DISCUSSION
It is worth emphasizing that the above EFT* prediction for ␦ 2B for the pp process is in line with the latest SNPA results obtained in Ref. ͓27͔ ͑and mentioned earlier͒. There too, the short range behavior of the axial MEC was con- strained by reproducing ⌫ ␤ t . The inherent model dependence of such a procedure within the SNPA context was shown to be very weak simply because at small inter-particle separations, where MEC contributions are largest, the pair wave functions in different nuclei are similar in shape and differ only by a scale factor ͓53͔. As a consequence, the ratios of GT and pp-capture matrix elements of different two-body current terms are nearly the same, and therefore a knowledge of their sum in the GT matrix element is sufficient to predict their sum in the pp-capture matrix element ͓27͔.
It seems informative to compare the hep reaction with radiative np capture. The polarization observables in n ជ ϩ p ជ →dϩ␥ are known to be sensitive to the isoscalar M1 matrix element M 1S, and this amplitude has been extensively studied in EFT ͓24,54͔. The similar features of the hep GT amplitude and M 1S are ͑i͒ the leading one-body contribution is suppressed by the symmetries of the wave functions; ͑ii͒ there is no soft-pion exchange contribution; ͑iii͒ nonetheless, short-range physics can be reliably subsumed into a single contact term. In the n ជ p ជ case the strength of this term can be determined from the deuteron magnetic moment ͑for a given value of ⌳). The calculation in Ref. ͓24͔ demonstrates that the ⌳ dependence in the contact term and that of the remaining terms compensate each other so that the total M 1S is stable against changes in ⌳. This suggests that, if we go to higher orders, the coefficient of the contact term in question will be modified, with part of its strength shifted to higher order terms; however, the total physical amplitude will remain essentially unchanged. These features are quite similar to what we have found here for the hep GT amplitude.
We have derived here all the weak currents up to N 4 LO ͑even though we have calculated the relevant nuclear matrix elements only up to N 3 LO͒. As Table I indicates, loop contributions start at N 4 LO. Loop corrections in the vector currents ͑both V and V 0 ) can be safely ignored, since even their leading single-particle terms are suppressed relative to the axial current. It turns out that the loop diagrams in A are all finite and hence need no regularization although there are finite counterterms that should be taken into account. On the other hand, the loop diagrams in A 0 do have divergences and need to be regularized. To derive the momentum space expressions for the currents given above, we have employed the dimensional regularization. This is not quite congruous with the cutoff regularization adopted in going from momentum to coordinate space. Meanwhile, using a cutoff regularization in evaluating loop graphs is a delicate matter, since that might endanger chiral symmetry; with the use of a cutoff regularization one might need chiral-symmetry-breaking counterterms in order to satisfy the Ward identities. We have not yet investigated whether the dimensional regularization as used here preserves chiral symmetry, and hence we cannot say at this point whether our coordinate space operators at N 4 LO are fully consistent. However, this problem does not arise if we limit ourselves to N 3 LO, for up to this order there are no loop contributions.
Evaluating the matrix element of the leading-order onebody operator in EFT with the use of realistic nuclear wave functions is analogous to fixing parameters in an EFT Lagrangian ͑at a given order͒ using empirical inputs ͓55͔; the realistic wave functions in SNPA can be regarded as a theoretical input that fits certain sets of observables. In the present EFT* scheme, we take the view that the same realistic wave functions also provide a framework for reliably calculating ͑finite-range͒ many-body corrections to the leading-order one-body matrix element. The short-ranged part inherited from the integrated out degrees of freedom is renormalized by the d R term. This way of handling ''shortrange correlation'' is analogous to the derivation of Bogner et al. ͓4͔ of ''V low-k '' based on renormalization-group theory ͑see also the work of Epelbaum et al. ͓56͔͒. While our approach here is, in certain cases, not in strict accordance with the systematic power-counting scheme of EFT proper, one should expect that the severity of this potential shortcoming may very well vary from one case to another ͑see discussion in Ref. ͓57͔͒. For the pp and hep amplitudes under consideration, the degree of ⌳ dependence exhibited by the numerical results does suggest that deviations from rigorous power counting cannot be too significative. Indeed, this type of ''resilience'' may also explain why the SNPA calculation in Ref. ͓18͔ gives a result very similar to the present one. It is true that the two-body terms in MSVKRB are not entirely in conformity with the chiral counting scheme we are using here; some terms corresponding to chiral orders higher than N 3 LO are included, while some other terms which are N 3 LO in EFT are missing ͑see Appendix A 3͒. Most importantly the d R term -which plays a crucial role here -is omitted in MSVKRB although heavy-meson exchange graphs may account for some part of it. This formal problem, however, seems to be largely overcome by the fact that also in MS-VKRB a parameter ͑the axial N⌬ coupling strength͒ is adjusted to reproduce ⌫ ␤ t . Not unrelated to the above issue of power counting is the question of consistency of embedding ''realistic'' wave functions obtained from ''realistic'' potentials that are fitted accurately to experiments into an EFT framework with the currents obtained to a given order of chiral perturbation theory. It is a well-known fact that potentials that fit experiments are not necessarily unique. The nonuniqueness resides, however, in the short-range part of the potential, with the long-range part primarily governed by the pion exchange. Let us suppose that one can calculate potentials to a very high order in a consistent expansion ͑that is, consistent with symmetries, etc.͒. The structure of the potential would depend on various aspects of the calculation. For instance, although they all may fit equally well various experimental data such as, e.g., nucleon-nucleon scattering, different regularizations would lead to different potentials, the difference residing mainly in the short-range part. One might worry that this nonuniqueness would upset the basic premise of an EFT, rendering the predictions untrustworthy ͓58͔.
Another intricate issue, which is also connected to shortrange physics, is the off-shell ambiguity. This problem should be absent in a formally consistent EFT. In EFT*, however, we insert the current operators derived from irreducible diagrams up to a given chiral order between phenomenological ͑albeit realistic͒ wave functions. Since the in-serted current involves off-shell particles, there can in principle be terms other than those that have been included in our approach. While those additional terms that may be required to eliminate the off-shell dependence are expected to be of higher order than N 3 LO, this issue warrants a further examination.
To answer the above question with full rigor, much more work is needed. However, partial and yet reasonably satisfactory answers can be obtained from this work. For chiralfilter protected processes, we have presented a clear argument that the above-mentioned ambiguity does not matter at the level of accuracy in question. The results listed in Table  IV for the P-wave capture ͑to which the chiral-protected time component of the axial current contributes͒ demonstrate this point. The question of short-distance ambiguity arises only for chiral-unprotected processes such as the GT transition. As already explained, however, the d R renormalization essentially removes this ambiguity. The point is that the physics of the degrees of freedom above the cutoff scale ⌳ gets lodged in the short-range d R term. In fixing this term as a function of ⌳ via the experimental value of ⌫ ␤ t , one is essentially incorporating the short-range correlations that render low-energy physics insensitive to short-distance physics.
As for the off-shell problem, we note that for processes involving a long-wavelength external current -such as the solar pp and hep reactions -the off-shell ambiguity should be small in our scheme where the short-range contribution has been correctly renormalized, so long as one uses highquality phenomenological wave functions that accurately describe processes without the external current. The wave functions used here describe with high accuracy a rich ensemble of data available for the systems in question; they describe very well the three-nucleon scattering states, and furthermore, the n 3 He elastic scattering cross section as well as the coherent scattering length calculated with these wave functions are in excellent agreement with the experiments. What is involved here seems to be a generic feature. A similar stabilizing mechanism is at work when Bogner et al. ͓4͔ arrive at a unique effective force V low-k by integrating out the high-energy/momentum components contained in various ''realistic'' potentials. Nuclear physics calculations done with this effective force ͓59͔ have much in common with the EFT* calculation described here. Furthermore, we remark that different off-shell properties reflect different choices of the field variables and that, for each choice, the LECs need to be readjusted. It is in principle possible to choose the field variables in such a manner that off-shell contributions become highly suppressed. We are essentially adopting this particular choice by using the forms of the transition operators described above and adjusting the corresponding LEC d R to reproduce ⌫ ␤ t . A possible approach that is formally consistent with systematic power counting is the pionless EFT based on the power divergence subtraction ͑PDS͒ scheme ͓60͔ ͑for a recent review, see Ref. ͓61͔͒, which has been applied to the pp fusion ͓62͔. Due to the fact that this scheme also involves one unknown low-energy constant, PDS has not so far led to a definite prediction on the pp fusion rate. The problem is that this approach cannot be readily extended to systems with Aу3, in particular to electroweak transition amplitudes in these systems. What is lacking presently is a method to correlate in a unified framework the observables in different nuclei ͑different mass numbers͒. This limitation keeps one from exploiting the experimental data available for the A у3 nuclei to fix unknown LEC. Apart from the basic problem of organizing chiral expansion for complex nuclei from ''first-principles,'' a plethora of parameters involved would present a major obstacle. ͑For recent efforts in this approach, see Refs. ͓61,63͔ and references given therein.͒ This difficulty is expected to be particularly pronounced for the hep reaction.
There has been a series of intensive studies by the Jülich Group to extend EFT calculations in the Weinberg scheme to systems with three or more nucleons ͓64͔. The relationship between this approach and the phenomenological potential approach has been examined in great detail. This line of study, however, has been so far limited to nuclear observables that do not involve the electroweak currents. An extension of the formalism developed in Ref. ͓64͔ to electroweak transitions should be extremely useful. 
APPENDIX A: GAMOW-TELLER OPERATORS
The aim of this and subsequent Appendixes is to provide some technical details that have been left out in the main text. The readers who are not interested in the details of our calculation can safely skip these Appendixes without missing the essential points of our results.
We decompose the axial current into n B -body operators as
where (l, m, n) are particle indices. The one-body operator can be read from
where u( p) is a four-component Dirac spinor of momentum p, and q ϭ(pϪpЈ) is the momentum carried by the lepton pair. G A (q 2 ) and G P (q 2 ) are the axial and induced pseudoscalar form factors, respectively. Note that q ϭO(Q 2 /m N ), while pϭO(Q) and p ЈϭO(Q). Thus, up to N 3 LO, it is sufficient to consider the form factors at q 2 ϭ0. Furthermore
, which we neglect throughout this work ͓65͔. In getting the nonrelativistic operators from the above relativistic form factors, we should also take into account the wave function normalization. The resulting one-body operator up to O(Q 3 ) then reads
͑A3͒
This expression has appeared in Eq. ͑17͒. In the following subsections, we derive all the two-body GT operators up to N 4 LO and leading three-body GT operators.
Two-body GT
There are no two-body GT diagrams that involve only i ϭ0 vertices, because the A i,a NN vertex is kinematically suppressed, and there is no four-fermion contact contribution at LO ( i ϭ0). As a consequence, the two-body GT operator starts at ϭ3. The two-body GT operator at threshold (q →0) was given up to N 3 LO in Ref. ͓36͔. We extend here that analysis to include all contributions up to N 4 LO. To this end, it is useful to decompose A lm a as
where A lm a (1) represents the contributions of the one-pion pole part and A lm a (2) stands for the remaining short-ranged part. Generic diagrams for A lm a (1) and A lm a (2) are shown in Fig. 1 .
We now list all the two-body GT operators belonging to ϭ3 and ϭ4.
ϭ3. This contribution comes from tree graphs ͑one-pion-exchange and contact͒ with a i ϭ1 vertex. The resulting GT operators, given in Ref. ͓36͔, are of the form
where k l ϵp l ЈϪp l . Although there are two unknown parameters, d 1 and d 2 , it turns out that the Fermi-Dirac statistics effectively reduces the number of unknowns to one. We will come back to this important point later. ϭ4. Tree graphs with ͚ i i ϭ2 and one-loop graphs with ͚ i i ϭ0 enter at this order. Since there is no NN vertex with i ϭ1, a ϭ4 tree graph should have either A(NN) 2 or ANN vertex with i ϭ2. We can, however, exclude either possibility. The absence of ANN vertex at i ϭ2 can be ascertained by consulting a complete list of terms that appear in the N 2 LO Lagrangian given in Ref.
͓66͔. As for the i ϭ2 A(NN)
2 vertex for the two-nucleon sector, a complete list is not available yet. We therefore resort to parity selection rules. Our vertex must have one ⌬ and one D involving four nucleon fields. These operators should not be contracted with the four-velocity v , for otherwise the actual chiral index would acquire an extra power of Q. We can easily show, however, that it is impossible to construct a parity-even Lorentz scalar with one ⌬ , one D and arbitrary numbers of S and ⑀ ␣␤ . Introducing an operator of the ‫ץ‬ A Ϫ‫ץ‬ A type instead of ⌬ and D does not help either. These observations lead us to conclude that no divergences occur in the relevant loops and, more importantly, that no new parameters appear at ϭ4. (1), and a short-range contribution diagram ͑b͒ responsible for A lm a (2). The solid circles include counterterm insertions and ͑one-particle irreducible͒ loop corrections. The wiggly line stands for the external field ͑current͒ and the dashed line for the pion. One-loop corrections of the relevant orders for the pion propagator and the NN vertex need to be included.
The one-pion-exchange contribution can be read off from one-loop corrections to the ⌫ A ,ab vertex; the relevant diagrams are shown in Fig. 2 . We note that only the first five diagrams ͑a͒-͑e͒ contribute to A. Using the expressions given in Ref. ͓15͔, where all the one-loop diagrams have been calculated, we find
where k l ϭ͉k l ͉ (lϭ1, 2), and D i (k)'s are defined as
Here kϵ͉k͉, zϵ1Ϫz, and M zk ϵ ͱ m 2 ϩzz k 2 . The integrations over z can be done analytically, resulting in
where kϵ͉k͉ and
with Ϫ/2Ͻ⌰ k Ͻ/2. Note that the one-pion-pole contributions can be absorbed into A lm a:3 (1) ͓given in Eq. ͑A5͔͒ by renormalizing ĉ 3 and
One loop diagrams that contribute to the A NN vertex. Only the first five diagrams ͑a͒-͑e͒ contribute to A.
For the two-pion contribution A lm a:4 (2), the relevant one-loop graphs are shown in Fig. 3 . Among the diagrams in the figure, only the first four graphs ͑a͒-͑d͒, can contribute to the GT operator; ͑e͒ is identically zero due to isospin symmetry, and the remaining graphs, ͑f͒-͑h͒, contribute only to A 0 . As mentioned, the four diagrams ͑a͒-͑d͒ are all ultraviolet finite. The first three graphs give
while the fourth diagram ͑d͒ gives
The summation here is taken over all possible combinations of spin-isospin operators ͑with no derivatives͒ that figure in the nucleon-nucleon interactions. Using a generic expression
where X 1 , X , X , X are constants that characterize the LO short-range nuclear forces, we can write
We demonstrate below that X's can all be absorbed into the parameters d 's.
Three-body GT
The three-body GT operators up to N 4 LO come from the two diagrams given in Fig. 4 . They contain only i ϭ0 vertices, and their contributions read
Comparison with SNPA exchange currents
The meson-exchange currents in SNPA ͓67,68͔ are based on one-boson exchange diagrams involving those bosons which are responsible for the phenomenological nuclear forces in the context of one-boson-exchange models. This framework does not have direct contact with chiral counting. We give here a detailed comparison between the transition operators used in SNPA and those dictated by PT. Among the most elaborate SNPA operators are the ones used in CRSW91 ͓16͔; these operators were derived by Towner ͓68͔ based on a phenomenological Lagrangian ͓69͔ which satisfies CVC, PCAC and current algebra. We consider the SNPA operators used in CRSW91 as a representative. It will turn out that there are substantial differences between the SNPA and PT operators in both the long-range and short-range parts.
In CRSW91 the heavy particles and ⌬ are treated as explicit degrees of freedom ͓70͔. To examine the roles of these heavy particles in the context of the present comparison, we divide the two-body currents in CRSW91 into two families:
where the ''S'' stands for ''seagull.'' A I a and A II a can be associated, respectively, with A lm a (1) and A lm a (2) in Eq. ͑A4͒. The expression for A I a is ͓71͔
where m ⌬ Ӎ1232MeV, Ӎ6.6, and g Ӎ2.50 is the NN coupling constant; ⌳ (⌳ ) is a cutoff parameter characterizing the NN (NN) coupling form factor. We have defined I 1 and I 2 by
͑A23͒
We note that I 1 ϭ1 if we assume the Goldberger-Treiman relation, and I 2 ϭ1 if the KSRF relation holds ͓72͔. The above equation should be compared with A lm a:3 (1) in Eq. ͑A6͒. A little exercise shows that, while the currents A(⌬) and A() can be related to certain currents in PT, A(S) has no PT counterpart to the order considered here. A possible explanation for the occurrence of this ''extra'' term in SNPA is that A(S) arises as a ''recoil'' term associated with the use of the pseudoscalar coupling. A PT analog of A(S) would be a 1/m N term, but this term should be substantially suppressed; hence a term such as A(S) should be absent in chirally invariant theory. Comparison of the coefficients of ( ជ 1 ϫ ជ 2 ) a p 1 , 2 a k 2 , ( ជ 1 ϫ ជ 2 ) a 1 ϫk 2 , and ( ជ 1 ϫ ជ 2 ) a 1 ϫq leads to the following correspondence between PT ͑left-hand side͒ and CRSW91 ͑right-hand side͒:
The presence of the momentum-dependence in R's and the -meson propagator prevents us from going beyond this correspondence. To proceed, however, we may consider the approximation
We then find
It is informative to compare these values of ĉ 's with those obtained in a resonance-exchange saturation analysis by Bernard, Kaiser, and Meißner ͑BKM͒ ͓30͔. We note that the two approaches give very different results for the ⌬-resonance contributions. CRSW91 used the quark model value for the ratio g AN⌬ /g N⌬ , the accuracy of which is rather difficult to assess. Meanwhile, the resonance-saturation calculation suffers from ambiguity related to the so-called off-shell parameter Z. Considering these uncertainties, it is perhaps not too surprising that BKM's estimate of the ⌬ contribution to ĉ 3 , ͉ĉ 3 ⌬ ͉ϭ3.59, is 2.2 times larger than the estimate in CRSW91. We also note that, while CRSW91 only includes the ⌬ and -meson contributions, BKM's calculation con- The precise value of c 6 is unimportant in the present context, since it is suppressed by the kinematic factor ͉q͉. In any event, the results of BMK and CRSW91 are close to each other, c 6 Ӎ5.83.
We now discuss the short-ranged currents A II a ϭA(⌬) ϩA(S). According to CRSW91, the dominant term in A II a is of the form
It should be noted, however, that this term belongs to N 5 LO in chiral counting, and therefore its inclusion in CRSW91 constitutes a deviation from PT. Although a particular N 5 LO term may give an appreciable contribution ͑see below͒, there are many terms of the same order, including multiloop diagrams, and in general there should be a substantial cancellation among these terms to make the net N 5 LO contribution small, as dictated by chiral symmetry. 
which is O(Q 1 ). We note that there is no relativistic correction of O(q) to the one-body axial charge; this aspect is in sharp contrast to the GT operator.
The two-body A 0 current appears at O(Q 2 ) ͑tree diagram͒ and at O(Q 4 ) ͑loop diagrams͒:
with kϭk 2 ϭϪk 1 . The one-pion-exchange contribution including the vertex renormalization ͑loop corrections to the vertices͒ reads
where tϵk 0 2 Ϫk 2 ӍϪk 2 , and F 1 V (t) is the isovector Dirac form factor of the nucleon electromagnetic current. The phenomenologically determined F 1 V (t) is of the dipole type
with ⌳ϭ840 MeV. The HBPT expression for F 1 V (t) up to one-loop accuracy is given by
The loop functions, K's, will be specified below. The constant c 3 R is determined by the nucleon charge radius ͓73͔. Since SNPA employs coordinate-space representation, we need to Fourier transform the momentum-space expressions. In doing so, we must impose a cutoff to regularize the integral. The cutoff introduced here typically represents a scale that divides the low-energy degrees of freedom ͑which we choose to include explicitly͒ and the high-energy degrees of freedom ͑which we integrate out͒. How to implement cutoff into the theory is not unique, but physics should be independent of methods used insofar as the calculation is done consistently. This is a statement of renormalization group invariance. We now describe a particular cutoff scheme to be used here ͓75͔. 
͑C1͒
where S ⌳ (k 2 ) is a regulator with a cutoff ⌳, and the factor (2) 3 ␦ (3) (qϩk 1 ϩk 2 ϩ•••ϩk n ) comes from momentum conservation. We employ here a regulator of the Gaussian type ͓76͔
͑C2͒
For a one-body operator, the regulator plays no role, see Eq. ͑A3͒. Now for the two-body current Eq. ͑C1͒ gives ͓77͔
ϫA 12 a ͑ k 1 ϭϪk, k 2 ϭk͒. ͑C3͒
To simplify subsequent expressions, we will hereafter omit the tildes on the currents in the coordinate space representation, and define the following functions: 
͑C6͒
We are now ready to write down the ϭ3 two-body axial-vector current Eq. ͑A6͒ in coordinate space: where the superscript (i, j) are particle indices r 12 ϵ͉r 12 ͉ and r 12 ϵr 12 /r 12 . In the above equations, we have defined the following two-body spin-isospin operators: 
͑C11͒
We have separated out here the part proportional to ␦ ⌳ (3) (r). 
